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Abstract

The ion/molecule reactions of H3O+, NO+, and O2
+ with six monoterpenes (�-pinene,�-pinene, limonene,�3-carene, myrcene, and

camphene) have been studied at 298 K and 1.47 mbar using a selected ion flow tube (SIFT). The rate constants and the ionic products of the
reactions have been determined. It turns out that all reactions occur at the collisional rate. Quantum chemical calculations were performed of the
polarizability and dipole moments of all six monoterpenes studied, to determine the collisional rate constant using the Su–Chesnavich approach.
Our results show that the H3O+ reactions with the monoterpene M proceed via proton transfer and result in the protonated molecules MH+

(m/z = 137) and partly in an ion withm/z = 81. The NO+ reactions proceed via charge transfer resulting mainly in the ionized monoterpene
C10H16

+. The reactions with O2+ proceed via dissociative charge transfer giving rise to several ionic products, which have also been observed
in electron impact spectra of these monoterpenes.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Monoterpenes (C10H16) are important constituents of bio-
genic volatile organic compounds that are emitted by veg-
etation in large quantities. Their global emission has been
studied by several authors[1–3] and is estimated to be 127
MT C per year[4]. Due to their high reactivity with some
atmospheric components such as O3 and the radicals OH and
NO3 these compounds play an important role in the chem-
istry of the troposphere[5,6]. The atmospheric oxidation of
monoterpenes leads to a variety of products[7] and con-
tributes significantly to the formation of so called secondary
organic aerosols[8] in the troposphere.

Monoterpenes have been detected and quantified in
the laboratory and in the atmosphere by several tech-
niques mainly consisting of preconcentration steps, such
as cryosampling or adsorption on suitable sorbent tubes,
followed by GC–MS[2,9,10].
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Recently, proton transfer mass spectrometry (PTR-MS)
has also been used for the measurement of monoterpenes
in several field campaigns[11–13]. This method, which is
based on the high reactivity of the H3O+ ion with the trace
gas to be measured[14], requires a good knowledge of the
reaction rate constants and product distributions of H3O+
with the different monoterpenes. Only recently these data
were obtained for the monoterpenes�-pinene,�-pinene,
�3-carene, and limonene under typical PTR-MS conditions
[15].

In the present study, we have investigated the reaction of
H3O+ with the same monoterpenes, with the addition of
myrcene and camphene, in a selected ion flow tube (SIFT).
Moreover, we studied the reactions of NO+ and O2

+ with the
six monoterpenes�-pinene,�-pinene,�3-carene, limonene,
myrcene, and camphene.

Whereas this study has originally been made in support of
the laboratory measurements undertaken at our institute to
study the OH-initiated oxidation of�-pinene in the presence
of O2 and NO, using a neutral fast flow reactor coupled to a
chemical ionization mass spectrometer[16], it also investi-
gates the feasibility of using H3O+, NO+ or O2

+ as primary
ion for the detection of monoterpenes through the selected
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ion flow tube-mass spectrometry (SIFT-MS) method, which
has been applied successfully by Smith and co-workers in a
number of medical applications[17–19].

Very recently kinetic data of the H3O+, NO+, and O2
+

reactions with 11 monoterpenes have been reported by Wang
et al.[20], obtained from assumed collisional rate constants
for H3O+ and relative measurements for NO+ and O2

+,
whereas in this study the results for H3O+ were obtained
from absolute measurements.

2. Experimental

The experimental set-up used in the present study is a
new SIFT, which has recently been developed, based upon
the original design by Smith and Adams[21]. It is shown
schematically inFig. 1. The major parts are: an ion source,
an ion selection and injection system, a flow tube and an ion
detection mass spectrometer.

Source ions are produced by generating a microwave dis-
charge in a mixture of air and water vapor at a total pres-
sure of 0.21 mbar, using an Evenson type cavity operating
at 2.45 GHz and 40 W. The ions are extracted from the dis-
charge through a biased plate with a hole of 2 mm, which
separates the ion source from the SIFT chamber, consist-
ing of two separate parts. The first chamber contains the
ion lenses and is pumped by a 1600 l s−1 turbomolecular
pump. The second chamber, built into the first one, houses
the selection mass spectrometer and is pumped by a 500 l s−1

turbomolecular pump. An electrostatic five element ion lens
focuses the ions into the differentially pumped quadrupole

Fig. 1. Schematic representation of the SIFT instrument: (1) microwave discharge ion source; (2) ion inlet lens; (3) selection quadrupole pre-filter; (4)
selection quadrupole main filter; (5) to 500 l s−1 turbomolecular pump; (6) selection quadrupole post filter; (7) to 1600 l s−1 turbomolecular pump; (8)
exit ion lens; (9) inlet main carrier gas; (10) SIFT venturi inlet; (11) reactant gases inlet for mass discrimination measurements; (12) flow tube; (13)
pressure gauge (baratron); (14) calibrated volume with mixture monoterpene/helium; (15) needle valve; (16) reactant gas inlet; (17) to Roots blower; (18)
biased ion inlet flange; (19) reactant gas inlet for measurement of the branching ratio of the reaction product ions; (20) ion inlet lens; (21) quadrupole
analyzer; (22) to turbomolecular pumping system; (23) electron multiplier.

mass spectrometer, where the appropriate ion (H3O+, NO+
or O2

+) is selected. The ion selection mass filter consists of
a quadrupole assembly with a rod diameter of 12 mm and
a total length of 275 mm (20 mm pre-filter, 230 mm main
filter and 20 mm post-filter). The mass selected ions are fo-
cused by a second electrostatic three element lens towards
the SIFT injector, which is constructed according to the
Birmingham design[22] and which has a central hole of
0.75 mm, through which the ions reach the flow tube, and
a circular array of 12 holes with a diameter of 0.70 mm,
through which the main carrier gas flow is sent into the flow
tube.

The flow tube is made of stainless steel and has a diam-
eter of 40 mm and a total length of 50.7 cm (from injec-
tion point to ion inlet plate). Three gas inlets are provided,
two of which are used for reaction gas introduction and
one for mass discrimination effect calibrations, as described
later.

Ions are convectively transported using a main carrier he-
lium gas flow of 100 STP cm3 s−1, resulting in a pressure of
1.47 mbar in the flow tube. All experiments were performed
at this pressure. Small amounts of nitrogen were added a few
cm downstream to the helium main flow to quench possible
excited states of the source ions. The main carrier gas flow is
maintained by a large Roots blower of 500 m3 h−1 backed by
a rotary vane pump of 120 m3 h−1. At the downstream end
of the flow tube, the ions are sampled through a 0.4 mm hole,
drilled into a conically shaped biased inlet flange. An electro-
static lens focuses the ions into the analyzer quadrupole
consisting of four rods of 200 mm length with a diame-
ter of 8 mm. After mass filtering the ions are detected by
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an electron multiplier, the signals of which are treated by
pulse counting techniques. The analyzer quadrupole hous-
ing is pumped by four turbomolecular pumps of 300 l s−1,
mounted on four sides of the cubic chamber.

To determine the ion/molecule reaction rate constantk,
the source ion signalI was measured as a function of the
concentration of the reactant neutral in the flow tube [X].
From the logarithmic decay ln(I/Io) = −kτ[X], k can then
be derived if the residence timeτ of the ions in the flow
tube is known.

In a first set of experiments, the reactant neutrals were
introduced through an electrically insulated finger inlet, lo-
cated at 27 cm from the ion inlet plate. With this inlet the ion
residence timeτ was determined by applying a positive volt-
age pulse on the insulated finger inlet and by simultaneously
recording the arrival of the disturbance of the ion swarm on
the ion detector. To vary the concentration of the neutral re-
actant, volumetric mixtures (manometrically diluted) of the
different monoterpenes in helium were prepared, and intro-
duced via a flowmeter/controller.

For the measurement of the reaction rate constant of
H3O+, NO+, and O2

+ two different methods were used.
Either H3O+, NO+, and O2

+ were injected simultaneously
(putting the ion selection quadrupole in the total ion mode)
and their signals were measured as a function of the reac-
tant gas flow or the upstream quadrupole was programmed
to switch subsequently between H3O+, NO+, and O2

+ at
each value of the neutral reactant flow.

It turned out, however, that the results obtained using
the flowmeter/controller were not reproducible, because the
flowmeter gave irreproducible results for the reactant gas
flow, most probably due to the sticky nature of the monoter-
penes. Nevertheless, the relative decay rates of the three ion
species, obtained in this way, can be used to derive the rate
constants if one of the threek values is known. This proce-
dure has been applied in many previous studies by Španĕl
and co-workers, where they assume that for the H3O+ re-
actions[23–35], or the O2

+ reactions[35,36], k equals the
collisional ratekC, which can in most cases be calculated
with the Su and Chesnavich[37,38] approach. In all of
these cases this assumption was justified by the fact that ei-
ther the H3O+ proton transfer reactions were exothermic,
because the proton affinity of the reactant molecules was
larger than the proton affinity of water[23–35], or by avail-
able data on the reactions of O2

+ with similar molecules
[35,36]. Unfortunately, no data are available for the proton
affinities of the monoterpenes studied, except for limonene
[39], and therefore, we cannot assume in all cases that
k = kC for the H3O+ reactions studied here. Furthermore,
no data are available for the O2

+ reactions with monoter-
penes and although for some of the monoterpenes the ion-
ization energy is smaller than the one for O2 and NO,
the exothermic reactions with O2+ and NO+ do not nec-
essarily proceed at the collision rate. We, therefore, can-
not rely upon the knowledge ofk for one of the three
ion/molecule reactions (H3O+, O2

+ or NO+) to derive the

other two in our case. Recently, some of the H3O+ pro-
ton transfer reactions with four of the monoterpenes, stud-
ied here, were measured in a PTR-MS[15]. These PTR-MS
data, however, were not available at the time we started
our experiments and therefore, we decided to try to per-
form some absolute measurements ofk for the H3O+ reac-
tions.

Reproducible results have been obtained by flowing vol-
umetric mixtures of the terpene in helium, prepared in vol-
ume calibrated glass containers, into the flow tube through a
needle valve heated at 40◦C. From the pressure decay ver-
sus time in the glass containers the gas flow could be deter-
mined. For each terpene four different mixing ratios of the
volumetric mixtures were used and each of those resulted
in the samek value within 5%. For the absolute reaction
rate constant measurements of H3O+, a ring shaped inlet
with six holes, oriented against the main carrier gas flow,
has lead to the best results, giving minimum end effects.
Since this ring shaped inlet was not electrically insulated,
no measurements of the ion residence timeτ were possible
with it. We, therefore, had to rely upon the measurements
of τ performed before with the finger inlet. The validity
of this procedure was checked by measuring the reaction
rate constant of H3O+ with acetone with the ring inlet and
using the ion residence time previously determined with
the finger inlet. A value of 3.8 × 10−9 molecule−1 cm3 s−1

was found in perfect agreement with the literature
data[23].

For the determination of the product ion branching ratios
of the different ion/molecule reactions a second reaction gas
inlet, located at 8 mm from the ion inlet plate, is used. This
inlet consists of a stainless steel tube with an outer and inner
diameter of 4 and 2 mm, respectively and is mounted with
the aid of a small bellow, so that it can either be put directly
in front of the ion inlet hole during the product distribution
measurements to eliminate diffusion enhancement effects
[40], or be removed, by shifting it backwards, during the
reaction rate measurements.

Although diffusion enhancement effects can be eliminated
by using this inlet close to the sampling hole, the mass dis-
crimination of the downstream mass spectrometer still has
to be accounted for. To do so a third gas inlet is used, located
10 cm downstream from the ion injection point. Through
this calibration inlet a number of gases such as acetone, pen-
tanone, butanone and benzene can be introduced to measure
the mass discrimination in the way described by Španĕl and
Smith[40]. These measurements are done on a regular base
to take into account aging of the electron multiplier used in
the ion detection mass spectrometer system.

The monoterpenes used here were all obtained com-
mercially. �-Pinene,�-pinene,�3-carene, and camphene
(Aldrich) were 99, 99, 99, and 95% pure, respectively.
Limonene (Fluka) was 99% pure and myrcene (Merck)
85%. The He carrier gas (Air Products) was GC quality
(99.9995%) and the N2 (Air Products) was 6.0 quality
(99.9999%).
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3. Results

3.1. Reaction rate constants

The experimentally derived reaction rate constantskexp
for the H3O+, NO+, and O2

+ reactions with the six mono-
terpenes are shown inTable 1. Thekexp values for the H3O+
reactions were derived in an absolute way from the decay
of the source ion signal versus monoterpene concentration,
inferred from absolute flow rates, which were obtained by
monitoring the pressure decrease of a known volume of
the monoterpene/helium mixture, as described inSection 2.
The reaction rate constants for the NO+ and O2

+ reactions
were measured relatively with respect to the one of H3O+
by recording the decay of the three source ions simultane-
ously (or subsequently) with increasing concentration of the
monoterpene, introduced into the flow tube via a flowmeter/
controller.

Table 1
Polarizability, dipole moment and reaction rate constants of the monoterpenes

Molecule α (Å3) µD (Debye) kexp, kC, kref. [15] (H3O+) kexp, kC (NO+) kexp, kC (O2
+)

�-Pinene 17.3 0.177 2.3 [2.4] 2.2 2.0 [2.0] 2.0 [1.9]
�-Pinene 17.5 0.742 2.4 [2.6] 2.3 2.1 [2.2] 2.1 [2.1]
Limonene 18.3 0.599 2.6 [2.6] 2.3 2.2 [2.2] 2.2 [2.1]
�3-Carene 17.6 0.168 2.3 [2.4] 2.2 2.1 [2.0] 2.0 [2.0]
Myrcene 19.8 0.582 2.6 [2.7] 2.3 [2.2] 2.2 [2.2]
Camphene 17.2 0.673 2.4 [2.6] 2.1 [2.1] 2.0 [2.1]

Polarizabilityα and dipole momentµD of the monoterpenes obtained from quantum chemical calculations. Experimental determined rate constantskexp

for the reactions of H3O+, NO+, and O2
+ with the monoterpenes and in square brackets their corresponding collisional rate constantskC, calculated

with the method of Su and Chesnavich, based upon trajectory calculations. Also listed are the PTR-MS results[15] for �-pinene,�-pinene, limonene,
and�3-carene. Rate constants are expressed in 10−9 molecule−1 cm3 s−1.
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Fig. 2. Semi-logarithmic decay of the source ion signal vs. limonene concentration in the flow tube. (�) H3O+; (�) NO+; (�) O2
+. Limonene

concentrations for the H3O+ signal were derived in an absolute way (pressure decay of a known volume), whereas for the NO+ and the O2+ signal,
which were measured in another experiment, the limonene concentration was derived from the H3O+ signal measured simultaneously (but not shown on
the graph), and thekexp (H3O+) derived from the above mentioned absolute measurement.

The accuracy of the experimental rate constants shown
in Table 1 is estimated to be 20% with a precision better
than 5%.

Fig. 2 shows a typical example of the decay of the count
rates for the three source ions versus the concentration of
the reactant neutral.

Also listed inTable 1are the collision rate constantskC
calculated with the parameterized equation of Su and Ches-
navich[37,38], based upon trajectory calculations:

kC = kLC(α, µD, T), (1)

wherekL is given by the Langevin formula:

kL = 2πq

√
α

µ
, (2)

with q the absolute value of the charge of the ion,α andµD,
respectively, the polarizability and the dipole moment of the
ion andµ the reduced mass of the ion/molecule system (all
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variables in atomic units).C is a parameterized equation,
depending uponα, µD, and temperatureT.

As far as we know, no information is available for the
dipole moment and polarizability of the monoterpenes,
except estimations based upon known values for similar
molecules[15]. The values forα and µD, which should
allow us to evaluatekC, were estimated by quantum chem-
ical calculations at the B3LYP-DFT level of theory using
the large aug-cc-pVDZ basis set. The results of these cal-
culations are also shown inTable 1; the accuracy of these
calculations is sufficiently high to ensure that the resulting
errors are minor compared to the experimental uncertainty.
All calculations were carried out using the Gaussian soft-
ware suite[41].

As can be seen from this table, all reactions proceed
within the experimental error at the collision rate. The lat-
ter was expected for limonene, which has a proton affin-
ity of 875± 5 kJ mol−1 [39], considerably larger than that
of water (691 kJ mol−1 [42]), and therefore should result in
exothermic proton transfer, which is expected to proceed at
the collision rate. The rate constants for the H3O+ reaction
obtained in this work are also in good agreement with those
derived by Tani et al.[15].

3.2. Product distributions

An overview of the products of the reactions of H3O+,
NO+, and O2

+ with the monoterpenes, as observed using the
reactant gas inlet close to the ion inlet plate (seeSection 2),
is given inTable 2. Only those ions which represent more
than 1% of the product ion distribution are listed. Product
ions with a smaller yield are included in “others”. It should
be noted that the accuracy of the branching ratios is mainly
determined by the error on the mass discrimination mea-
surements, which are performed at the end of each day of
product distribution measurements, and for products with
small branching ratios by the statistical error on their count
rate. The accuracy is estimated to be 20% for branching ra-
tios higher than 5%, and gradually increases up to 25% for
branching ratios of the order of 1%.

3.2.1. H3O+ reactions
The reaction of H3O+ with all six monoterpenes mainly

results in a product withm/z = 137, through proton transfer,
and to a lesser degree in a product ion withm/z = 81.

H3O+ + C10H16 → C10H17
+ + H2O (3)

H3O+ + C10H16 → C6H9
+ + products. (4)

Minor ions with smaller branching ratios are also observed
at m/z = 69 (for myrcene), 93 (in the case of�-pinene and
myrcene) and 95 (for�-pinene, limonene and myrcene) as
fragments of the nascent (C10H17

+)∗ excited product ion
formed in the initial protonation step.

The product ions withm/z = 137 and 81 have been
observed previously in SIFT-MS spectra for limonene by

Špan̆el and Smith[43] and for �-pinene and�-pinene in
PTR-MS experiments[12,13,15]. Tani et al.[15] report the
observation of some of the minor product ions, besides those
with m/z = 137 and 81, but they suggest that a fraction
of the signal atm/z = 93 could originate from unknown
impurities in the monoterpene standards.

For the determination of the product distribution, the con-
centration of the monoterpene in the flow tube, introduced
by means of the finger inlet in front of the ion inlet plate, is
kept as low as possible, with the only restriction that reason-
able count rates for the different product ions are obtained.
Typically a flow of 1.7 STP cm3 s−1 of a 0.1% diluted mix-
ture of the monoterpenes in He is used.

Although the ion residence time in the flow tube
is very short, small signals of secondary product ions
(C10H17·C10H16)+ and (C6H9·C10H16)+ have been ob-
served, possibly formed through clustering:

C10H17
++C10H16+He→(C10H17 · C10H16)

++He (5)

and

C6H9
+ + C10H16 + He → (C6H9 · C10H16)

+ + He (6)

As can be seen fromFig. 3, which shows the development
of the product ions atm/z = 81 (C6H9

+), 93 (C7H9
+), 95

(C7H11
+) and 137 (C10H17

+) as a function of the monoter-
pene concentration for�-pinene, when the reactant is intro-
duced through the ring inlet at 27 cm from the ion inlet plate,
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Fig. 3. Evolution of the source and product ions for the reaction of H3O+
with �-pinene versus the concentration of the monoterpene. (�) H3O+;
(�) m/z = 81; (�) m/z = 93; (�) m/z = 95; (�) m/z = 137.�-Pinene
was introduced through a flowmeter/controller at the reaction inlet 27 cm
upstream from the ion inlet plate. The concentration of the monoterpene
was derived from the decay of the H3O+ signal and the knowledge of the
reaction rate constant of H3O+ and the ion residence time. Signals were
not corrected for mass discrimination nor for diffusion enhancement.
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Table 2
Products of the reactions of H3O+, NO+, and O2

+ with the monoterpenes and their corresponding branching ratio

Molecule H3O+ NO+ O2
+

Product m/z % Product m/z % Product m/z %

�-Pinene 8.07a C6H9
+ 81 30 C7H8

+ 92 8 C6H8
+ 80 3

C7H9
+ 93 1 C7H9

+ 93 4 C7H8
+ 92 18

C10H17
+ 137 67 C10H16

+ 136 85 C7H9
+ 93 52

Others 2 (NO·C10H16)+ 166 1 C7H10
+ 94 2

Others 2 C8H11
+ 107 3

C8H12
+ 108 1

C9H13
+ 121 12

C10H16
+ 136 6

Others 3

�-Pinene C6H9
+ 81 33 C7H8

+ 92 1 C5H9
+ 69 2

C7H11
+ 95 1 C7H9

+ 93 3 C6H7
+ 79 1

C10H17
+ 137 64 C10H16

+ 136 93 C6H8
+ 80 4

Others 2 Others 3 C7H8
+ 92 4

C7H9
+ 93 56

C7H10
+ 94 6

C8H11
+ 107 3

C8H12
+ 108 1

C9H13
+ 121 9

C10H16
+ 136 11

Others 3

Limonene 8.3a C6H9
+ 81 22 C7H8

+ 92 1 C5H8
+ 68 6

C7H11
+ 95 3 C9H13

+ 121 1 C6H8
+ 80 4

C10H17
+ 137 73 C10H15

+ 135 2 C6H9
+ 81 2

Others 2 C10H16
+ 136 91 C7H8

+ 92 7
(NO·C10H16)+ 166 1 C7H9

+ 93 26
Others 4 C7H10

+ 94 11
C7H11

+ 95 3
C8H11

+ 107 9
C8H12

+ 108 3
C9H13

+ 121 14
C10H16

+ 136 11
Others 4

�3-Carene 8.4a C6H9
+ 81 19 C7H8

+ 92 3 C6H7
+ 79 1

C10H17
+ 137 78 C7H9

+ 93 4 C6H8
+ 80 6

Others 3 C10H15
+ 135 3 C7H8

+ 92 8
C10H16

+ 136 86 C7H9
+ 93 41

(NO·C10H16)+ 166 1 C7H10
+ 94 2

Others 3 C8H11
+ 107 4

C8H12
+ 108 1

C9H13
+ 121 20

C10H16
+ 136 14

Others 3

Myrcene C5H9
+ 69 3 C6H8

+ 80 2 C5H9
+ 69 8

C6H9
+ 81 26 C7H8

+ 92 8 C6H7
+ 79 2

C7H9
+ 93 1 C7H9

+ 93 22 C6H8
+ 80 3

C7H11
+ 95 8 C7H10

+ 94 1 C7H8
+ 92 3

C10H17
+ 137 59 C9H13

+ 121 1 C7H9
+ 93 61

Others 3 C10H15
+ 135 1 C7H10

+ 94 4
C10H16

+ 136 61 C8H11
+ 107 3

(NO·C10H16)+ 166 1 C8H12
+ 108 1

Others 3 C9H13
+ 121 7

C10H16
+ 136 4

Others 4

Camphene≤8.86a C6H9
+ 81 9 C9H13

+ 121 2 C5H8
+ 68 1

C10H17
+ 137 88 C10H16

+ 136 87 C6H7
+ 79 1

Others 3 (NO·C10H16)+ 166 7 C6H8
+ 80 2

Others 4 C7H8
+ 92 4

C7H9
+ 93 13

C7H10
+ 94 4

C7H11
+ 95 4

C8H11
+ 107 9

C8H12
+ 108 4

C9H13
+ 121 44

C10H16
+ 136 9

Others 5

The branching ratios include all isotopes of each product.m/z values refer to the most abundant isotope of each product (pressure: 1.47 mbar, voltage ion inlet plate:−4 V,
main carrier gas: He).

a Ionization energy of the monoterpene in eV from[42].
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the signal of the product ion withm/z = 81 decreases at
high monoterpene concentrations, whereas the one atm/z =
137 is still slightly rising. Therefore, secondary clustering
may disturb the reaction product distribution somewhat. It
is estimated, however, that with the reactant flows used at
the inlet close to the inlet plate, the formation of secondary
products should not shift the branching ratios of the prod-
ucts atm/z = 137 and 81 by more than 2%.

In a recent study, Tani et al.[15] have investigated in
detail the product distribution of the H3O+ reaction with
�- and �-pinene,�3-carene and limonene in a PTR-MS
instrument. The major difference between these experiments
and this work lies in the choice of the carrier gas (air in the
case of Tani et al., He in our case) and the fact that in the
PTR-MS experiments an electric field is applied. Therefore,
the ions have a drift velocity, defined by the magnitude of
the applied electric field (E) and the number densityN of
the neutrals in the drift tube, and thus an enhanced energy.
In our case, the ions are very rapidly thermalized in the
flow tube. The fragmentation patterns of the H3O+ reactions
in the PTR-MS were observed to vary with varyingE/N.
As E/N was decreased the percentage of the product with
m/z = 137 was increased for each monoterpene, reaching
values between 80 and 94% at the lowest values ofE/N
(80 Td).

The difference between these results and the data reported
here are due to the applied electric field and the nature of
the carrier gas in the flow tube. To investigate the possible
influence of electric fields in our case, the influence of the
voltage applied on the ion inlet plate has been examined for
the H3O+/limonene and the H3O+/�-pinene reactions. Neg-
ligible effect is observed for voltages ranging from−4 up
to −1 V. When the voltage is lowered to−7 V, the branch-
ing ratio of the protonated terpene (m/z = 137) decreases
by a few percent (5% for�-pinene). This can be due to a
more efficient fragmentation of the (C10H17

+)∗ complex, as
observed in the PTR-MS experiments by Tani et al.[15],
and partially to possible break-up or less efficient formation
(due to the lower residence time of the accelerated ions) of
secondary product ions. All product distributions listed in
Table 2are measured with−4 V applied on the ion inlet
plate.

The pressure dependence of the product distribution
has been investigated in the case of the H3O+/limonene
reaction. Increasing the He buffer gas flow from 67 to
200 STP cm3 s−1 resulted in a pressure increase from 1 up to
2.93 mbar. The branching ratio of the protonated monoter-
pene increased by 13%, whereas the branching ratio of the
fragment ions withm/z = 81 and 95 decreased by 12 and
1%, respectively.

From the observations described above, it is clear that, if
the product distribution is used for the analysis of chemical
ionization mass spectrometry (CIMS) data, this distribution
should be determined under the same operating conditions
(pressure, applied voltage on the inlet plate, nature of buffer
gas,. . . ) as those used in the CIMS experiment itself.

3.2.2. NO+ reactions
For the reaction of NO+ with the six monoterpenes,

studied here, the major product is the ionized monoterpene
C10H16

+ (m/z = 136), formed through charge transfer.
Charge transfer with ground state NO+ is possible for
molecules with ionization energy (IE) smaller than the one
of NO (IE = 9.26 eV[42]).

This condition is fulfilled for the four monoterpenes
(�-pinene, limonene,�3-carene, and camphene) for which
the IE is known (seeTable 2). Considering the trends in
properties of hydrocarbons, it is reasonable to assume that
the IE of all the monoterpenes is smaller than 9.26 eV. The
occurrence of the parent cation C10H16

+ in the spectra of
the reaction products of NO+ with �-pinene and myrcene
as the major peak supports this assumption and indicates
that the IE of these compounds must also be smaller than
the one of NO.

Some minor products (m/z = 80, 92, 93, 94, 121, and
135) are also observed. The latter are formed by partial
fragmentation of the nascent (C10H16

+)∗ excited ion.
Striking is the relatively high branching ratio of the frag-

ment ion withm/z = 93 for the non-cyclic monoterpene
myrcene. In view of the low purity of the commercially
available compound used here, we cannot exclude that this
ion is due to impurities.

For all NO+ reactions, the association product atm/z =
166, formed through

NO+ + C10H16 + He → (NO · C10H16)
+ + He, (7)

is also observed (albeit with a branching ratio below 1% for
the NO+/�-pinene reaction).

The branching ratio of the association product for the
NO+/camphene reaction is relatively high (7%) in compar-
ison with that observed for the other monoterpenes, which
is in reasonable agreement with the observations made by
Wang et al.[20], who report a 1–3% product atm/z = 166
for monoterpenes other than camphene and a 9% branching
ratio for (NO·C10H16)+ for camphene. This higher abun-
dance of the association product (NO·C10H16)+ in the case
of camphene may be due to “charge transfer complexing”
[44,45], by which the positive charge is more equally shared
around the intermediate excited adduct ion. This process is
considered to enhance the lifetime of this intermediate and
thus the probability of a stabilizing collision with carrier gas
atoms against dissociation. Charge transfer complexing is
more efficient when the IE of NO and the one of the reac-
tant molecule are not very different. This could be the case
for camphene if the IE of camphene is close to the upper
limit given in Table 2.

3.2.3. O2
+ reactions

Since the IE of O2 exceeds the one of NO by∼3 eV,
charge transfer between the monoterpenes and O2

+ seems
evident in view of the previous observations. However, as
can be seen fromTable 2, the parent ion C10H16

+ is not the
most abundant product anymore. The charge transfer is suf-
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Fig. 4. Comparison between the O2
+ spectra and the 70 eV EI spectra[42] of �-pinene.

ficiently exothermic to allow for cleavage of specific bonds
in the nascent (C10H16

+)∗ exited parent cation, resulting in
multiple fragment ions.

For all O2
+ reactions, except for the reaction with

camphene, the major product ion hasm/z = 93. The
O2

+/camphene reaction mainly results in a product ion with
m/z = 121. For the latter a CH3− ion transfer reaction can
not be positively ruled out[24].

Comparison of the product distribution spectra of the O2
+

reactions with the corresponding electron impact (EI) spec-
tra from the NIST database[42], shows that the EI spectra
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Fig. 5. Comparison between the O2
+ spectra and the 70 eV EI spectra[42] of myrcene.

contain more fragment ions (reaction with O2
+ is a “softer”

ionization), but albeit with different intensities, all products
observed in the O2+ reaction spectra are also present in the
corresponding EI spectra.

Figs. 4 and 5show a comparison of the O2+ and EI spectra
of �-pinene and myrcene, respectively.

In making such comparisons for the six monoterpenes
studied here, some common features can also be noticed:

• Ions with m/z = 121 are the major product ions for
the O2

+/camphene reaction, in contrast with the other



N. Schoon et al. / International Journal of Mass Spectrometry 229 (2003) 231–240 239

O2
+/monoterpene reactions. These ions are also relatively

more frequent in the EI spectra of camphene than in the
other EI spectra.

• In the O2
+/myrcene reaction spectra, the product with

m/z = 69 has a higher branching ratio than in the other
O2

+ spectra, which is also observed in the EI spectra.
• Product ions withm/z = 68 are relatively more frequent

in the O2
+/limonene spectra than in the other O2

+ spectra.
This is also the case in the EI spectra of limonene, where
they are the major products.

4. Conclusion

The reactions of H3O+, NO+, and O2
+ with the monoter-

penes�-pinene,�-pinene, limonene,�3-carene, myrcene,
and camphene are fast and proceed within the experimental
error at the collision rate.

In the case that only one monoterpene is involved, e.g.,
in specific laboratory experiments, H3O+, NO+, and O2

+
can be used as precursor ions for the derivation of the con-
centration of this monoterpene from CIMS measurements,
provided that the product distribution of the reaction of the
source ion with the monoterpene has been determined un-
der the same operating conditions as the CIMS experiment
itself.

In the case of a mixture of monoterpenes, the concen-
tration of each constituent cannot be derived from CIMS
spectra, since the reaction of H3O+ (NO+ and O2

+, respec-
tively) with each of the six monoterpenes, studied here, re-
sults, although with different branching ratios, in identical
products. Only when an averaged rate constant (if the rate
constants for the different constituents are not too different,
which is the case for the monoterpenes studied here) and an
averaged product distribution are used, an estimation of the
concentration of the mixture is possible.
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